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Abstract 
 
This project outlines the design of a geothermal micropile system for three office buildings. The system 
will provide structural support plus provide heating and cooling by transferring subsurface heat into 
energy through ground loops within the foundation system. The systems were then evaluated on their pay 
back return period and environmental impact. The overall goal of this project is to both promote and 
continue the development of this technology focusing largely on how effectively and readily it can be 
implemented.  
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Capstone Design 
 
An important component of completing this project was to satisfy the ABET Capstone Design 
requirements. In doing so the influences of economic, environmental, sustainability, constructability, 
ethical, and health and safety concerns were considered. These topics fully intertwine all aspects of civil 
engineering.  
 
This design incorporates both established principles with new research. With the continued development 
of this technology, a more reliable, cost effective and environmentally sound foundation can be achieved. 
As a result of a growing awareness of the importance of environmental impact, a sustainable system 
which subsidizes energy usage, while reducing construction efforts is an appropriate step in the right 
direction. 
 
Economic Considerations  
 
There is not an unlimited budget for new construction projects; initial budgeting and budget tracking are 
key elements in a company’s success. Each new building constructed, will have a type of foundation 
support as well as a heating and cooling system within the building. A fairly new technology includes an 
energy subsidizing heat transfer system implemented within the design and construction of deep 
foundations. Combining these two systems into one saves man power, time, and materials cost.  
 
Environmental Considerations  
 
Geothermal heating and cooling has been named “the most energy-efficient and environmentally sensitive 
of all space conditioning systems”, by the United States Environmental Protection Agency (EPA) (Brain, 
Bryant, 2007).  Geothermal wells are often installed to provide a means of heating and cooling for 
commercial structures. This process involves drilling the wells which is both time consuming and costly. 
Additionally, due to the subsurface characteristics of Boston, MA, deep foundations such as micropiles 
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are often used to support higher loads for building foundation support. Likewise, this involves drilling to 
great depths. Making use of this knowledge and installing geothermal heat loops within micropiles is a 
huge save for the environment. Land is conserved and materials are saved.  
The EPA has stated that a high energy geothermal heating and cooling system emits less environmental 
harm than any other alternative space conditioning technology currently available. They have the lowest 
CO2 emissions which in turn will cut back on global warming (Finger Lakes, 2008).  
 
Sustainability Considerations 
 
The life cycle cost aspect of this project fulfills the sustainability criteria. In analyzing how long the 
additional installation costs of the geothermal system will take to be re-paid in energy costs, it shows the 
practicality and fiscal benefit of such a system. In just a decade, this system pays for itself and the owner 
will only gain from it from there on out. It is a system that should be widely considered for all 
commercial applications. 
 
Constructability Considerations   
 
Both the structural and geological specifications and limitations in creating a uniform system were 
considered. Engineering standards and realistic constraints were constantly considered. First, a structural 
foundation system had to be designed to support the loads of the building. This was achieved through all 
applicable ASTM standards for foundation design. Second a geothermal system was designed to transfer 
heat from the earth to the building. The use of specialized software (i.e. eQuest and GLHEPRO), enabled 
an accurate, practical and efficient design. The combination of these systems provides both a functional 
foundation while accomplishing improved environmental impact and economic-abatement.  Constraints 
involving the location, constructability and availability of materials also were taken into account.  
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Ethical, Health and Safety Considerations 
 
As an engineer, the most up to date design standards must be considered. This is an ethical obligation that 
was carried out throughout this design project. Each aspect of the design was considered on its code and 
safety to both the installer and the future user. Conscious and ethical designs were priorities in this 
project, allowing for all health and safety considerations to be met.  
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1. Introduction 
 
Engineering design goes beyond following existing standards and specifications. It is the concept of using 
what you know and more importantly adapting to learn what is required to come up with a safe, valuable, 
economical, and promising solution. This project uses this technique incorporating an unprecedented 
geothermal system into a standard deep foundation micropile system. This technique is currently used in 
the United Kingdom and is a technology that with careful research and testing could successfully be 
widely used here in the United States.  
Micropiles are a type of deep foundation support. They are columns drilled or driven into the earth to 
support the loads from a given structure above the system. Micropiles are small caissons that transfer 
axial load to supporting soil or rock to avoid excessive structure settlement or failure. Typically made of 
steel casing, a center reinforcing bar and grout, each micropile is uniquely designed based on loading and 
soil conditions.  
Micropiles have proven to be a successful foundation support system, but more recently, with a growing 
global interest in environmental and economic sustainability it is necessary for micropiles to become a 
more diverse mechanism.  A micropiles exposure to earth’s relatively stable subsurface temperatures 
enables the possibility of using geothermal energy efficiently with this application.  
 Continued development in this technology will help with the advancement towards creating a more 
sustainable world. Micropiles are often required to be installed hundreds of feet into the ground to achieve 
the necessary load capacity. A commercial building is typically built upon this piling system.  This 
commercial building will also require a heating and cooling system, currently achieved by the burning of 
fossil fuels. At just 30 feet into the ground, there is a significant temperature difference relative to the 
structures ambient air temperature. Here lies the framework for a geothermal energy pile.  A drilled shaft 
is already being installed into the ground for structural purposes, if a heating and cooling system can be 
contained within this shaft, a heating medium and heat pump can be used to transfer the heat between the 
earth and the building.  
This type of technology is not currently widely used in the United States. This is partly due to the fact that 
limited information on the impact of such a system is known. The additional installation costs are very 
overwhelming and what is gained in return is not known.  The portion of this MQP that completes the life 
cycle cost analysis of the three systems should serve as very beneficial information to the construction 
world. In just a decade, this system pays for itself. From that time on and heading forward, it is a financial 
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and economic gain for the company. Additionally,  geothermal pile systems reduces the emission of 
greenhouse gasses, it can account for the entire energy use of a typical office building for heating and 
cooling, and it makes better use of a necessary structural component therefore reducing the life cycle cost 
of the system.   
The purpose of this Major Qualifying Project is to design a geothermal system to support a series of 
office buildings in Boston, Massachusetts and evaluate the system’s pay back return period.  The 
background includes the preliminary research that was completed to ensure a thorough understanding of 
each component involved in the design framework. After this research was completed, an outline of the 
design process was prepared. This enabled a smooth design flow without leaving out any key design 
parameters.  The methodology guides the reader through the design process.  The use of AASHTO and 
FHWA codes were used to complete structural analysis. Additionally, the use of specialized computer 
software was used to aid with the geothermal design. To understand how economical this system is, a cost 
benefit analysis was performed to calculate how long in energy savings it would take to repay the 
additional installation costs of the system. Ultimately, it should become clear to the reader that everyone 
involved in the construction process can easily achieve success with this technology.  Systems of this kind 
are beneficial to both the construction industry as well as the environment and should be considered for 
all new commercial buildings.   
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2. Background  
 
2.1 Introduction 
 
To begin this project, an immense amount of literature research was necessary. It was important to 
evaluate and consider every aspect of the combined structural and heat exchange system. Every 
component picked could change the outcome. There were a lot of components to consider. On the 
structural side of the project there was the site exploration program, producing a soil profile, and sizing an 
adequate micropile system to support anticipated structural loading. As far as the geothermal heat transfer 
section a big part was the selection of the type of geothermal system itself. Following this different types 
of transfer medium, thermally enhanced grout, heat pumps, and the total length of geothermal pipes had 
to be investigated.   
 
2.2 Micropiles 
 
The micropile considered in this project is a type of drilled shaft. Drilled shafts are used to transfer load to 
subsurface soils and rock. They are typically large diameter cylindrical shafts which support column loads 
from the above structure. Micropiles are a type of drilled shaft that are much smaller in diameter, usually 
less than 12 inches. From a construction standpoint, the same goal, to support the structure, can be 
accomplished in a much smaller area. Also, since it is easier to drill a smaller diameter, the micropile can 
be extended to greater depths, resting on stronger soil. Micropiles are often the preferred technology 
where traditional drilled shafts would be too large, such as in the case of underpinning buildings, earth 
excavation support and slope stabilization.  
Micropiles are a high capacity, small diameter, drilled-in-place, steel reinforced foundation support. The 
quality (i.e., strength and stiffness) of soil usually improves with depth, therefore excavating through 
weak surface soils can provide greater bearing capacity from deeper soils or rock. A drill rig is used to 
excavate a cylindrical hole to a calculated required depth. This depth is calculated based on the subsurface 
conditions, materials used, supported load and settlement considerations. To support higher loads and 
avoid settlement a steel cage or center reinforcing steel bar can be implemented. The drilled shaft is then 
filled with concrete or grout. The grout bonds the soil to the pile as well as to the center reinforcing steel.  
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2.3 Structural Components 
 
The term foundation can have many meanings in different fields. We will take the term foundation to 
mean the formation that connects a structure to the ground (Coduto, 1999). All civil engineered structures 
require foundations. I am considering the foundation of a mid-sized office building. Buildings impart their 
weight and other loads (wind, snow, seismic) onto their foundations. The loads must be safely and 
economically dispersed to the ground below the structure. To begin the design of a foundation, the 
underlying soil conditions must be investigated. This is done by the means of in-situ testing.  
The structural evaluation of the micropile system was deemed the most vital design component. The 
system resulted in a structural failure is the worst case scenario and must be avoided at all costs.  
 
2.3.1 Site Exploratory and In-Situ Testing  
 
In-situ means, “in-place” soil testing as to not disturb the sample being analyzed. An important aspect for 
the design of heat extraction and rejection energy systems is to physically analyze the exact ground that 
the system will be installed in. Taking measurements from literature and charts online is not enough. To 
obtain particular ground conditions, the testing equipment is brought to the field and the soil is tested in 
place. This eliminates disturbance and contamination that could occur from bringing the sample to a 
laboratory to test. Testing the soil in its natural condition maintains characteristics, temperature leading to 
overall more accurate results. Additionally, subsurface conditions change over time. Relying solely on 
data can turn up to be inaccurate, resulting in failure.   
The main in-situ test used for this project is the Standard Penetration Test (SPT). This is one of the most 
common in-situ testing procedures, developed in the 1920s. The procedure was standardized in 1958 in 
the ASTM standard D1586 (Coduto, 1999).  
 
Due to the nature of this testing procedure there are many variables that can contribute to variations. The 
primary variations are the method of drilling, how well the bottom of the hole is cleaned before the test, 
presence or lack of drilling mud, diameter of the drill hole, location of the hammer, type of hammer, 
number of turns of the rope around the cathead, actual hammer drop height, mass of the anvil that the 
hammer strikes, friction in rope guides and pulleys, wear in the sampler drive shoe, straightness of the 
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drill rods, presence or absence of liners inside the drill sampler,  and lastly the rate at which the blows are 
applied.  
Corrections to the hammer are made to account for the variations. This corrected value is known as the 
N60 number. The charts and formulas to account for these variations can be seen in Appendix D.  
For this project, a boring report by GEI consultants was used to estimate the soil conditions of the 
proposed office building in Boston, MA. GEI followed this ASTM standard to obtain true subsurface 
conditions. The exploration was completed in January 2007, at the (proposed) Moakley building at the 
Boston Medical Center, Albany Street, Boston MA.  The boring logs completed at this site are included in 
Appendix C.  
 
2.3.2 Soil Profile 
 
After analyzing the in-situ test results a soil profile can be created to summarize underlying soil 
characteristics. This simplifies the design process by analyzing according to one summarized soil boring 
instead of an array of different logs.  
 
2.4 Geothermal Design Parameters 
 
A Ground Source Heat Pump (GSHP) is a technology used to heat and cool buildings by extraction of the 
subsurface thermal energy as well as rejection of heat to a cooler subsurface. This technology makes use 
of geothermal energy, heat stored below the earth’s surface. Ground Source Heat Pumps first started to 
steadily emerge in Sweden and Switzerland in the 1980’s. A GSHP system needs to address three main 
components: how to transfer heat to and out of the ground, a heat pump to convert the heat to an 
appropriate temperature, and the building to transfer the heat or cold into the rooms (EGEC, 2008). 
The geothermal design parameters are important to determine how to most effectively transfer heat 
energy from the ground to the heat pump and into the building as well as reject heat to the ground instead 
of using traditional air conditioning. Each individual parameter must be considered on the basis of 
performance, availability and cost. First, the different types of ground source heat pump system have to 
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be considered. After this, the components within the system were evaluated; the transfer medium solution, 
thermally enhanced grout, pile spacing, and the heat pump itself.  
 
2.4.1 GSHP Systems 
 
The earth provides a steady as well as immense heat source and heat medium for thermal transfer use. 
Deep vaults containing a mercury thermometer were installed beneath the Observatoire in Paris in the late 
17
th
 century by the French chemist and physicist Lavoisier.  These vaults were 27 m deep.  In 1778, it was 
determined through observation and data collection over time that the readings in the earth were constant 
throughout the year (EGEC, 2008).  
Figure 1, summarizing a result of a study completed by Virginia Tech, shows the mean annual earth 
temperature throughout the United States. The mean annual earth temperature is found at about 30 feet 
below the surface, and where the subsurface temperature remains relatively constant.  
 
Figure 1: Annual Mean Earth Temperature, United State (Virginia Tech). 
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Over time, different methods of GSHPs were created. Figure 2 shows the different GSHP systems. These 
methods include ground water wells, horizontal coils with direct expansion, horizontal coils with brine 
circuit, vertical borehole heat exchangers in co axial form, borehole heat exchangers in U-pipe form, and 
borehole heat exchangers in spiral form.  
 
Figure 2: GSHP – Schematics (EGEC, 2008). 
 
 
Ground Source Heat Pumps are also classified in another way: open and closed loop systems. Open loop 
systems require a groundwater or surface water supply to be present. This is a direct one way heat transfer 
where the water source will flow through the heat pump system and be discharged. Closed loop systems 
work as an underground network. This is a system of ground loop piping, commonly made of a high 
density plastic (HDPE) filled with a working fluid. The fluid flows to deeper points in the earth, never 
coming in direct contact with the soil, acting as the earth-coupled heat exchanger. As the working fluid 
flows back to the heat pump the actual fluid never leaves the pipes and is re-circulated.  
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Different restrictions could prohibit different types of systems. Without a water source, open loop systems 
cannot be attained. Depending on land availability, certain types of horizontal systems may take up too 
much land. An effective system can be chosen once the parameters of the site are determined.   
 
2.4.2 The Heat Transfer Medium 
 
The heat transfer medium is the flowing fluid in a GSHP system. If freezing could present a problem, an 
antifreeze mixture is used.  
Due to the extreme low temperatures in Boston during the winter months, antifreeze will be added to the 
water medium to ensure that it will never freeze towards the surface. It is suggested that an antifreeze 
solution be used in any instances where the temperature will be below 40 degrees F, which will without 
doubt be the case in Boston. There are many different types of antifreeze additives to consider. All of 
them fall into three different categories: alcohols (methanol, ethanol), glycols (ethylene glycol, propylene 
glycol), and salts (sodium chloride, calcium chloride, and potassium acetate) (Virginia Tech).  
The alcohol water solutions will have a low viscosity and higher heat transfer capabilities. In terms of the 
system this translates to mean lower pumping power and a shorter ground loop. Due to the toxicity of 
alcohol, this type of solution presents a high level of danger.  Methanol is highly volatile and flammable 
in pure form.  Despite the toxicity, methanol has successfully been used over a decade in the heat pump 
industry.  Some local regulations prohibit the use of methane, and this must be investigated before use. 
Ethanol cannot be purchased in pure form, only in denatured form and denaturants have the possibility of 
chemically attacking the HDPE piping.  
Ethylene glycol mixtures are typically used to cool automobiles. One danger in using this substance is 
that its sweet taste can attract animals and children and cause harmful ingestion. Due to its toxicity it is 
generally not used for ground heat pump systems. Propylene glycol is a less toxic but far more expensive 
mixture. It has been successfully used in many ground heat pump systems.  
Salt solutions are highly corrosive and would require specific attention to all aspects of the system. The 
use of certain metals would be eliminated. A lot of maintenance also comes along with salt solutions. 
Additives are necessary to inhibit corrosion and maintain pH (Virginia Tech).  
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2.4.3 Thermally enhanced grout 
 
Thermal conductivity is the ability of a material to conduct heat. The heat in this case must be passed 
from the ground through the grout through the PVC pipe to the transfer medium. Many of the thermal 
conductivities of these components are fixed. The designer does not have the ability to change the thermal 
conductivity of the ground or PVC. The grout however is one area in which the thermal conductivity can 
be improved.  
Thermally enhanced grout can more than double the thermal conductivity of the common bentonite grout. 
Improving the thermal conductivity of the grout, will over all improve the thermal conductivity of the 
systems. A common brand of thermally enhanced grout is GeoPro Inc. They supply a regular thermally 
enhanced grout (thermal conductivity greater than 1.0), as well as a TG Lite© (thermal conductivity 0.45-
1.0). The price of grouts ranges based on mix design. A quote was obtained from GHP Systems, INC, for 
a thermal conductivity of 0.88 Btu/hr ft F (double that of normal bentonite grout), it would cost $11.53 
per bag. Table 1 shows common values for the available grouts.  
Table 1: Thermally Enhanced Grout Properties 
Thermal 
Conductivity 
Silica 
Compound Water Yield 
Btu/hr ft F lbs/50#bag 
gal/50# 
bag 
gal/50 # 
bag 
0.45 0 14 17 
0.57 50 14.5 19.6 
0.69 100 15.5 23 
0.79 150 16.5 26.2 
0.88 200 17.5 29.3 
1.00 250 18 32 
1.07 300 19.2 35.7 
1.14 350 20.4 39.1 
2.00 400 21.6 42.2 
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2.4.4 Pile Spacing  
 
To avoid deterioration of the thermal resource, it is advised not to space piles any closer than 10 feet 
apart. The deeper the piles are drilled, the more close they can be spaced however it is advised to space 
piles 15 to 25 feet apart (Virginia Tech).  
 
2.4.5 The Heat Pump 
 
A geothermal heat pump works in two modes: geothermal heating and geothermal cooling.  
In the heating mode, the surrounding ground is warmer than the working fluid in the ground loop. The 
working fluid absorbs energy, in the form of heat, from the surrounding ground. The working fluid carries 
this energy to the heat pump exchanger. Within the heat exchanger, a refrigerant absorbs this energy from 
the fluid. The water then returns back into the ground loop to repeat this process.  
A compressor is contained within the heat pump. The refrigerant travels from the heat exchanger to the 
compressor. The refrigerant temperature inside of the compressor can rise to 160 degrees Fahrenheit.  
This superheated refrigerant travels from the compressor to the air heat exchanger. The pump is equipped 
with a blower or a fan which circulates the air across an air coil. This process increases the temperature of 
the air which then is blown through the ductwork of the home.  
Conversely, in the cooling mode, the surrounding ground is cooler than the working fluid in the ground 
loop. The fluid releases energy, in the form of heat, into the surrounding ground. Consequently, the water 
becomes cooler and flows to the heat exchanger within the heat pump. Hot refrigerant gas from the 
compressor releases its heat into the hot water. The water absorbs this heat, rises in temperature and 
releases it to the ground.  
Resulting is a cooler refrigerant. This travels to the heat exchanger and the blower circulates warm air 
over the air coil. As in the heating mode, the air is blown through the ductwork throughout the home, 
however this time it is a cooler air which in turn cools the home.  The refrigerant within the coil picks up 
the heat energy from the air and sends it back to the compressor. The warmer air will leave the 
compressor, starting the cycle again (Canada).  
21 
 
3.  Methodology  
3.1 Introduction 
The purpose of this methodology is to define my approach in designing a foundation system to both 
withstand structural loading as well as incorporate a geothermal system to provide energy to the office 
building. The system failing structurally would be the worst case scenario, therefore office loading was 
first considered and used to design the required dimensions of a micropile system. 
   
3.2 Structural Design 
The structural analysis had a lot to do with both the building components, weights and loading as well as 
subsurface conditions. To being with, an organization chart was created to aid in the flow, to arrive in 
allowable downward loading.  
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Figure 3: Organizational flow chart for micropile design. 
 
 
3.2.1Structural Loading  
To begin to design the micropile system, I had to estimate the structural loading. ASD design criteria 
specified in the FHWA codes were used. As the focus of my MQP was a geothermal micropile system, 
not a structural building design, values from a previous structural design MQP was used to assign loads to 
certain building components.  A previous 2008 WPI MQP, “Design of a graduate housing complex at 
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Gateway Park,” by M. Richards, M. Toomey, and J. Frascotti, was used to determine specifics on the 
general building components including weights of the slab, t-beams, and girders. Values were then 
assigned for office live load, and wind and snow loads for Boston, MA.  A spread sheet was formed using 
excel to evaluate foundation loading based on column spacing for buildings with four to twenty stories, 
each story eleven feet tall.  Column spacing of 25’, 15’, and 10’ spacing for a 150’ x 150’ building were 
considered.  The following is an example of how column loads were calculated for a 25’ x 25’ column 
spacing and 6 story building. 
Weights 
a. Slab: 60 psf x (25’x25’) = 37.5 kips 
b. T-beam: 0.09 kips x 100 ft = 9 kips 
c. Girders:  0.34 kips x 25’ = 8.5 kips 
d. DL:  6.5 psf x (25’ x 25’) = 4.1 kips 
e. L.L. floor : 60 psf x (25’ x 25’) = 37.5 kips 
f. Snow: 50 psf x (25’ x 25’) = 31.2 kips 
g. LL roof : 20 psf x (25’ x 25’) = 12.5 kips 
 
Total loading = (# floors) (Slab + T-beam + girders) + (#floors-1)(DL + LL floor) + 
(snow + LL roof)  
 
For 6 story building = 6(55.0 kips) + 5(41.6 kips) + 43.5 kips = 581.5 kips  
Following this technique, the following foundation loads were computed for the given spacing and load 
combinations.  
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Table 2: Foundation Load Values 
Number of 
Stories 
25' x 25' 15' x 15' 10' x 10' 
Column Load 
(k) 
Column Load 
(k) Column Load (k) 
4 388.0 168.2 100.6 
5 484.5 210.8 125.6 
6 581.0 253.4 150.7 
7 677.5 296.0 175.7 
8 774.0 338.6 200.8 
9 870.5 381.2 225.8 
10 967.0 423.8 250.9 
11 1063.5 466.4 275.9 
12 1160.0 509.0 301.0 
13 1256.5 551.6 326.0 
14 1353.0 594.2 351.1 
15 1449.5 636.8 376.1 
16 1546.0 679.4 401.2 
17 1642.5 722.0 426.2 
18 1739.0 764.6 451.3 
19 1835.5 807.2 476.3 
20 1932.0 849.8 501.4 
 
After the foundation load values were determined, the next objective is to design a micropile system to 
support these loads.  
 
3.2.2 Design Soil Profile  
 
Using the boring reports from GEI Consultants, a soil profile could be created. From averaging the layers 
from the boring logs, a design soil profile was prepared. A sketch of this profile can be viewed in the 
results section. 
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Following the organizational chart, the next step was to find or calculate the design parameters. These 
include unit weight, undrained shear strength, adhesion factor and N60 values.  
On the boring report, the soils are classified by the unified soil classification system. This is based on 
sieve analysis, texture, and coarseness. This classification chart is shown in Appendix D.  
Then, if the depth of the groundwater table is known, the unit weight can be approximated. The 
groundwater table lies at an average depth of 7.6 feet. Therefore, all unit weights can be evaluated from 
the typical unit weight below groundwater table which can be seen in charts in Appendix D.  
Using the soil parameters from the design soil profile, a geotechnical engineering evaluation could be 
conducted to determine the maximum allowable downward force for a given pile length. 
 
3.2.3 Side Friction & Toe Bearing  
 
Deep foundations transfer axial loads to the ground in two ways, side friction and toe bearing. Toe 
bearing is only considered if the pile extends to the rock layer.  
The side friction resistance is to account for the friction between the soil and the side of the foundation. 
Toe bearing resistance accounts for the compressive loading between the bottom of the foundation and 
the soil. These two parameters can be used to calculate a maximum allowed downward loading. In 
Appendix A, hand calculations are given to show how side friction and toe bearing resistance were 
calculated.  
 The maximum loads for piles 30 feet to 130 (in ten foot increments) spaced at 25’, 15’, and 10’ on center 
were evaluated. This would result in a square configuration for either a total of 36, 100, or 225 micropiles. 
The following chart shows the ultimate downward force for the evaluated depths. The value for factor of 
safety was assigned to calculate the downward load. A factor of safety of 2 was used based on downward 
loading conditions.  
 
3.2.4 Ground to Grout Bond Capacity  
 
The next step was to determine the lengths of the micropiles using the 1996 ASSHTO code.   
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For the ground to grout bond, the capacities of each soil layer had to be considered to determine at while 
length the load could be shed to the surrounding earth. For example, using the soil profile shown in 
Figure 10 in the results, and common grout to ground bond values for different soils, the capacity can be 
calculated.  This example uses a design load of 145 k. The following steps would be made to determine 
the necessary length by multiplying the contact area between the grout and the ground by the bond value. 
The contact area is calculated by multiplying the layer thickness from the design soil profile by the 
circumference of the pile (33.77 inches). 
        Table 3: Ground to Grout Values  
Fill   6402.8 sq in x 0.001 ksi = 6.403 k   
Organic Soil 4376.6 sq in x 0.019 ksi = 83.156 k               
Silt   445.8 sq in x 0.019 ksi = 8.470 k 
Clay   21923.5 sq in (0.025 ksi) 
Till  2634.1 sq in (0.029 ksi) 
 
How much of the clay layer is needed to achieve capacity? 
145-98 = x (33.77)(12)(0.025) 
4.67 ft = x (15.8’+10.8’+1.1’+4.7’) 
Total length = 35’ x Factor of Safety 
The factor of safety equals 2 for downward loading; therefore the required length is 70’.  
 
The required lengths calculated from the side friction and toe bearing procedure were used. Although the 
two methods did not show a major change in required length, the 1996 ASSHTO procedure used more of 
an approximation and produced slightly shorter piles. To uphold a safe and conservative design, the more 
conservative design procedure was chosen.  
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3.2.5 Grout to Bar Stress 
 
The compatibility between the two load elements are checked as to not overstress the steel bar.  Following 
the FHWA code, this bond is calculated as shown below, using the values for the strength of the steel, 
elastic modulus of the steel, the compressive strength of the grout and elastic modulus of the grout.   
Assuming: The yield stress of the steel; fy = 75 ksi,  Elastic Modulus of the steel; Es = 29,000 ksi, 
Compressive Strength of the grout; Fcu = 4 ksi, and Elastic Modulus of the grout; Eg = 2,000 ksi with 
a design load of 145 kips.  
At allowable working stress of steel reinforcement (50% yield stress), elastic strain of the 
reinforcement will be  
εs = (ζs/Es) = [(72.5 kip/90.76 sq in) x 75] / 29,000 = .003 
For strain compatibility the grout shall have the same strain w/the reinforcement and will be under the 
following compressive stress 
ζ g = Eg * εs = 2,000 ksi * (.003) = 0.06 ksi 
This does not exceed the compressive strength of the grout therefore this structural design is adequate.  
 
3.2.6 Settlement  
 
The settlement of deep foundations is calculated the load settlement response adapted from Fellinus, 1999 
(Coduto, 2000). The settlement is calculated by adding the compression of the soil due to loading with the 
elastic compression of the pile itself.   
All hand calculations to support this methodology section are included in Appendix A.  
3.3 Geothermal Heat Loop Design  
 
The following organizational chart outlines the necessary steps to complete the geothermal design to size 
the ground loops. 
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Figure 4: Geothermal Heat Loop Design Organizational Chart  
 
3.3.1 Specialized Computer Software Programs: eQuest and GLHEPRO 
 
Two very specific computer software programs were used to complete the geothermal heat loop design. 
The heat transfer loop length is based on thermal conductivity of the ground, grout, and transfer medium 
to meet the heating and cooling loads of the specified building. The heating loads are determined on the 
basis of every in and out flow of heat. This includes factors such as the amount of sunlight a building 
receives; level of insulation, and heat absorption through building materials, for instant, carpets.   
Before the programs could be successfully run, certain materials had to be selected.  
 
3.3.1.2 Materials Selection 
3.3.1.2.1 Heat Pumps 
 
To start off, it was easy to narrow down some types of GSHPs. The purpose of this MQP is to use the 
depth advantages of a foundation micropile to install a pipe system within it, which excludes any 
horizontal GSHP systems.  
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Additionally, there is not an available water source assumed for the building nor does the local geological 
soil condition provide favorable hydraulic conditions for an open loop system. An open loop system 
requires a substantial ground water or surface water to be used. Since there is no water supply at the 
proposed site, open loop systems will not be considered.  
This leaves only one potential candidate, the closed loop vertical system. This type of system is able to 
incorporate both the structural and geotechnical components of the system.  A closed loop system 
generally uses less land area as the drilling is done vertically. Also, fluxes in seasonal temperatures do not 
affect the system performance as the geothermal energy is coming from so deep in the earth. The costs of 
drilling however tend to be high as drilling to depths of this extent take time and could potentially have to 
drill through very hard soils or rock.  
The most common way of constructing a vertical closed loop system is with a U-tube. This is typically a 
drilled borehole and the HDPE pipes have a 180 degree bend fitting which will be factory fused before 
installations. The borehole will then be backfilled with a thermally enhanced grout.   
 
3.3.1.2.2 Heat Transfer Medium 
 
It was easiest to pick a solution to add to the water through an elimination process.  
The salt solution will first be ruled out. It seems as if it presents the most problems and maintenance 
issues. The glycol mixtures are also weary. The ethylene glycol mixture will not be used due to the danger 
it has proven to bear in the past. Ethanol will not be used as it has the possibility of chemically attacking 
the plastic piping. 
The choice can be narrowed down to propylene glycol and methanol. Due to a less effective heat transfer 
capability propylene glycol can lead to a 10-15% increase in pipe length, at 40 degrees F over the heat 
transfer capabilities of pure water. Methanol will only add less than a 5 % increase for the same scenario. 
Also at 40 degrees F, propylene glycol will require 35-40% increase in pumping power where the 
methanol will require a 15-25% increase. Additionally, the cost for propylene glycol is ten times that of 
methanol. For these clear reasons, and due to the fact that methanol is not prohibited in construction in 
Boston methanol will be chosen as the antifreeze additive (Virginia Tech).   
To ensure a safe working environment, the methanol will only be ordered and used as a premixed 
solution, so that no one has to deal with it in raw form.  
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3.3.1.3 eQuest  
 
The first program used, eQuest (Quick Energy Stimulation Tool), determines the heating and cooling 
loads of the building. This stimulation was carried out three separate times to account for the three 
buildings being analyzed. The interface of eQuest, shown in Figure 5, was a guided input system that 
begun by constructing the building shell.  
 
Figure 5: eQuest interface. 
 
 
A list of all inputs are included in Appendix E. After all entries were complete, the “Stimulate Building 
Performance” option was used to calculate the total heating and cooling loads. In the results section, 
graphical representations conclude the findings.  
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3.3.1.4 GLHEPRO 
 
After the eQuest stimulation was complete, the heating and cooling demands were used in the Oklahoma 
State program GLHEPRO (Professional Ground Loop Heat Exchanger Program). GLEHPRO is an 
intricate program that used soil and material specific properties along with heating and cooling demands 
to calculate the required length of the ground loops. 
“The design methodology [of GLHEPRO] is based on a simulation that predicts the temperature response 
of the ground loop heat exchanger to monthly heating and cooling loads and monthly peak heating and 
cooling demands over a number of years.” (Spitler, 2000). The program works by transferring heating and 
cooling loads into heat extraction and rejection rates. A detailed heat transfer simulation, produced by 
Eskilon, is used to predict long term temperature response of the ground loop. Additionally, a short term 
temperature response is estimated with an analytical approximation. The program aims at estimating the 
temperature distribution around a borehole; that is the borehole wall temperature at the n
th
 time. A 
numerical model creates long term, “g-functions,” which are non-dimensional temperatures that “allows 
the calculation of the temperature change at the borehole wall in response to a step heat input for a time 
step,” (Spitler, 2000).  
 
The list of important GLHEPRO inputs is included in Table 5.  The program takes into account the 
borehole configuration that was determined through structural analysis. It is equipped with different 
geographical location to obtain subsurface and local weather information. The interface of GLHEPRO is 
shown in Figure 6.  
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Figure 6: GLHEPRO interface. 
 
 
GLHEPRO was used to size the ground loops. Table 4 summarizes the important GLHEPRO inputs. 
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Table 4: GLHEPRO Inputs 
GLHEPRO Input Fields Entry 
Borehole Parameters Active borehole depth 90 , 110, 130 ft 
Set Shank Spacing A0, AS, B, C C 
Volumetric Heat 
Capacities Soil 32.21 Btu/(F*ft^3) 
  Grout 58.17 Btu/(F*ft^3) 
  Pipe 22.99 Btu/(F*ft^3) 
Conductivities Soil 1.00 Btu/(hr*ft*F) 
  Grout 0.88 Btu/(hr*ft*F) 
  Pipe 0.225 Btu/(hr*ft*F) 
Option for specifying 
the Fluid Convection 
Coefficient Option 1/Option 2 Option 2 : Water/Antifreeze Mixture 
  Select Fluid Methanol/Water 
  Concentration %Wt  30% 
  Mean Temperature 68 F 
  Calculate Properties -> Freezing Point -13.80 F 
    Density 62.31 lb/ft^3 
    
Volumetric Heat Capacity 62.228 
Btu/(F.ft^3) 
    Conductivity 0.2544 Btu/(h*ft*F) 
    Viscosity 4.839 lbm/ft*h) 
  Calculate Borehole Resistance 0.2120 F/(Btu/(hr*ft) 
  Hit OK ->   
Select Borehole  Select Configuration Rectangular Configuration 
  Select Sub-configuration 100: 10x10 Recatangle 
Ground Parameters 
Thermal Conductivity of the 
Ground 
1.00 Btu/(hr*ft*F) for Weathered 
Bedrock (conservative) 
  
Volumetric Heat Capacity of 
the ground 34.943 Btu/(F*ft^3) 
  
Undisturbed Ground 
Temperature 50 F 
Loads Edit Heat Pump Loads Enter Loads 
Perform Sizing for 4 
Story 
Max Fluid Temp entering Heat 
Pump 100 F 
  
Min Fluid Temp entering Heat 
Pump 20 F 
  First Month Simulation 1 
  Last Month Simulation 120 
  Borehole Configuration 
Rectangular  Configuration: 100: 
10x10  
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The volumetric heat capacity and thermal conductivity of the ground were chosen using the programs 
default value for soil conditions in Boston, MA at the given depths. The volumetric heat capacity and 
thermal conductivity of the PVC pipe was calculated within the program. The thermal conductivity of the 
grout was increased to 0.88 Btu/hr ft F, as the TG Lite © grout, with this given thermal conductivity was 
chosen. The maximum and minimum fluid entering temperatures were chosen to stay between 100 F and 
20 F. (Spitler, 2008).  
Some other inputs require further explanations. These include shank spacing and the antifreeze mixture 
which are both explained below.  
The shank spacing is the distance between the two pipes within the borehole. Option C was chosen in the 
program, as shown in Figure 8. This pushed the two PVC pipes towards the outside of the borehole. This 
allowed for (a) space for the center reinforcing bar, and (b) a more effective thermal conductivity as heat 
would not have to travel too far through the grout.  
 
Figure 7: Shank Spacing choices from GLHEPRO. 
 
 
The transfer medium had to be entered if pure water was not being used, as seen in Figure 8. Based on the 
background research, an antifreeze mixture was chosen to avoid freezing in cold winter months. The 
Materials Selection section explains which antifreeze mixture was chosen.  
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Figure 8: Antifreeze Mixture Selection Screen from GHEPRO. 
 
 
The heating and cooling loads from eQuest were then imported from an excel spreadsheet to design the 
ground loop specifically for the demands of the individual buildings. Again, the loop sizing stimulation 
was performed three times for the three various buildings. The only thing that changed in the inputs was 
the heating demands which increased with building size. A list of suggested heat pumps was displayed. 
The preceding Materials Selection explains which heat pump was used. The program then calculated the 
required ground loop lengths which are included in the results section.  
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4. Results 
4.1 Design Soil Profile  
Based on the boring reports completed by GEI Consultants in January 2007 for the (proposed) Moakley 
building, on Albany Street in Boston, MA, the following design soil profile was constructed.  
 
Figure 9: Design Soil Profile. 
 
4.2 Structural Micropile Design 
 
The following Allowable Load vs. Micropile Depth chart was created using the allowable loads 
calculated from side friction and toe-bearing resistance calculations.  
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Figure 10: Allowable Downward Load vs. Depth Chart. 
 
 
Comparing required lengths, allowable loads, and applied loads due to column spacing, results in possible 
buildings that can be supported by this design. Table 5 shows what number of floors can be supported at 
which depths and spacing.  
 
Table 5: Match up of floor loadings vs. Downward Load. 
Downward Load  Supported Floors (ea) 
K 25x25 15x15 10x10 
22.4 0 0 0 
40.6 0 0 0 
58.8 0 0 0 
77.1 0 0 0 
95.3 0 0 0 
113.5 0 0 5 
178.3 0 4 7 
240.2 0 5 9 
302.0 0 7 12 
363.8 0 8 14 
425.6 4 10 16 
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The pile spacing at 10 feet on center was initially ruled out to avoid exhausting the thermal resource, as 
stated in the background.  As a part of this MQP was to determine the life cycle cost of the geothermal 
system, more than one building was evaluated to show if the system became more fiscally appealing for a 
smaller or larger building. Due to this, three office buildings with micropiles spaced at 15 feet on center 
were evaluated for 4, 7, and 10 story buildings. The structural lengths of the micropiles were 90’, 110’, 
and 130’ respectively based on the structural loading considerations. See the excel design spreadsheets in 
Appendix B for comparison.  
This resulted in systems containing 100 micropiles in a square formation, as illustrated in Figure 11. 
 
Figure 11: (a) Micropile layout. (b) Typical Micropile Dimensions 
 
 
The overall settlement was checked and deemed acceptable as not exceeding 2 inches.  
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Table 6: Settlement Criteria 
Pile Length 
Soil 
Compression 
Elastic 
Compression Total Settlement  
Ft In in In 
90 1.4 0.29 1.69 
110 1.4 0.50 1.90 
130 1.4 0.70 2.1 
 
4.3 Heating and Cooling Loads 
 
As explained in the methodology, heating and cooling demands of the 4, 7, and 10 story buildings were 
calculated using eQuest. The following bar graphs and charts were produced within the program to 
express the heating and cooling consumptions (the dark blue represents space cooling, and the dark red 
represents space heating).  
 
Figures 12-14: eQuest energy simulation outputs for 4, 7 and 10 story building respectively. 
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4.4 Ground Loop Sizing 
 
Table 7 displays the necessary length based on the heating and cooling demands found from eQuest, as 
well as the thermal properties of the ground, grout, and transfer medium. 
 
Table 7: Required Geothermal Pipe Lengths.  
# Stories Drilled Pile Length 
Required 
Ground 
Loop Length 
4 90' 46.02' 
7 110' 63.29' 
10 130' 66.91' 
 
 
4.5 Energy Pile Sketches 
 
The thermal energy transfer design did not make use of the total required drilled length. The following 
sketch shows the depth of drilling, and required lengths of the ground loops.  
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Figure 15: Drilled Depth vs. Thermal Pipe length sketch. 
 
 
As seen in Figure 15 above, the most effective ground loops do not extend to the full depth of the ground 
loops. This is because, after the mean earth temperature is reached the subsurface temperature only 
increases at about 1 degree Fahrenheit per one-hundred feet. Extending the ground loops beyond their 
necessary length would result in a waste of materials and time. In the GLEHPRO program, initially the 
full lengths of the micropiles were entered as the active borehole length. Once all other parameters and 
heating and cooling demands were added, the program sized the most feasible length for the ground 
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loops.  
 
To show the economic feasibility, a cost benefit analysis was performed. In order to do so, the extra costs 
of installing the geothermal system were considered. The cost of drilling was not a factor, because no 
extra drilling beyond the structural depth was necessary. The additional costs are comprised of the heat 
pumps and maintenance, PVC piping and U-Tube connections, thermally enhanced grout, and additional 
installation costs.  
To estimate the cost of the heat pump and maintenance, verbal quotes were obtained for the 4 story 
building from GHP Systems, INC. This value was then multiplied by a scaling factor to obtain values for 
the 7 and 10 story buildings. The price of installation was based on a 6 man crew assuming 2, 2.5 and 3 
extra hours were needed per borehole for the 4, 7 and 10 story buildings respectively. The price of 
thermally enhanced grout was obtained from HPH Systems Inc, for TG-Lite©. This grout was chosen as 
it would double the normal thermal conductivity of grout (0.44 Btu/(hr*ft*F)) to 0.85 Btu/(hr*ft*F). The 
price of the PVC and U-Tube fittings were found online. The following chart was produced showing the 
additional installation costs.  
Table 8: Additional Geothermal System Installation Costs.  
Levels 
Price of PVC 
Pipe 
Price of U 
Tube 
Connections 
 Thermally 
Enhanced 
Grout  
Price of Heat 
Pumps 
Installation 
Cost 
Total 
Additional 
Cost 
ea. $ $ $ $ $ $ 
4 $5,244.00 $379.00 $169,793.27 $378,900.00 $9,920.00 $564,236.27 
7 $7,182.00 $379.00 $207,525.10 $663,075.00 $12,400.00 $890,561.10 
10 $7,638.00 $379.00 $245,256.94 $947,250.00 $14,880.00 $1,215,403.94 
 
As this system will account for the buildings heating and cooling loads, the cost of supplying this by 
means of traditional electricity and fuel was calculated with a yearly inflation rate of 3.8 %. The heating 
and cooling demands from the eQuest output were used as baseline readings. The current cost for 
commercial electricity in Boston, MA is $0.18 per kWh. The following prices were obtained using the 
eQuest output, electric cost and inflation rate.  
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Table 9: Cost of Heating and Cooling with 3.8% yearly inflation rate. 
Year 
4 story 7 story 10 story 
Per Year 
Current + Previous 
Years Per Year 
Current + Previous 
Years Per Year 
Current + 
Previous Years 
2009/1 $53,018.89 $53,018.89 $73,160.75 $73,160.75 $87,109.79 $87,109.79 
2010/2 $55,033.61 $108,052.51 $75,940.86 $149,101.61 $90,419.97 $177,529.76 
2011/3 $57,124.89 $165,177.40 $78,826.61 $227,928.23 $93,855.92 $271,385.68 
2012/4 $59,295.64 $224,473.03 $81,822.02 $309,750.25 $97,422.45 $368,808.13 
2013/5 $61,548.87 $286,021.90 $84,931.26 $394,681.51 $101,124.50 $469,932.64 
2014/6 $63,887.73 $349,909.63 $88,158.65 $482,840.16 $104,967.23 $574,899.87 
2015/7 $66,315.46 $416,225.09 $91,508.68 $574,348.84 $108,955.99 $683,855.86 
2016/8 $68,835.45 $485,060.53 $94,986.01 $669,334.85 $113,096.32 $796,952.18 
2017/9 $71,451.19 $556,511.73 $98,595.48 $767,930.32 $117,393.98 $914,346.15 
2018/10 $74,166.34 $630,678.07 $102,342.10 $870,272.43 $121,854.95 $1,036,201.10 
2019/11 $76,984.66 $707,662.73 $106,231.10 $976,503.53 $126,485.44 $1,162,686.54 
2020/12 $79,910.08 $787,572.81 $110,267.89 $1,086,771.42 $131,291.88 $1,293,978.42 
2021/13 $82,946.66 $870,519.47 $114,458.07 $1,201,229.48 $136,280.97 $1,430,259.39 
2022/14 $86,098.63 $956,618.10 $118,807.47 $1,320,036.95 $141,459.65 $1,571,719.04 
2023/15 $89,370.38 $1,045,988.49 $123,322.16 $1,443,359.11 $146,835.12 $1,718,554.16 
   
The year was then found which balances the additional installation costs with the cumulative energy 
costs. The following payback times resulted for these three systems.  
 
Table 10: Payback Return Period, years.  
Levels 
Payback 
period  
ea. # Years 
4 10 
7 11 
10 12 
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5. Conclusions  
 
5.1 Micropile Design 
 
The micropile system used to support the calculated loads for the 4, 7 and 10 story micropile consists of 
100 micropiles in a closed rectangular configuration as shown previously in Figure 11. They are all 10 ¾ 
inch outside diameter piles with a Number 18 center reinforcing bar. To support the three buildings the 
drilled lengths were calculated to be 90, 110, and 130 feet respectively resulting in total drilled lengths of 
9,000, 11,000 and 13,000 linear feet for each system.   
 
5.2 Geothermal Heat loop Design 
 
Based on the energy stimulation analysis and GLHEPRO to size ground loops, ground loops contained 
within each micropile to support heating and cooling demands would be installed to depths of 46, 63, and 
67 feet for the 4, 7 and 10 story office buildings. The pipes will be 1 inch Schedule 40 PVC piping with a 
180 degree U-Tube fitting at the end of the geothermal pile. A 30 percent Methanol to water mixture will 
be used to prevent freezing. Thermally enhanced grout will be used to enhance the thermal conductivity 
process.  
 
5.3 Payback Return Period  
 
Installing the geothermal system would add additional installation costs. These costs would pay for 
themselves in the means of supplying heating and cooling through geothermal energy rather than 
traditional electricity and fuel costs by 10, 11 and 12 years respectively for the 4, 7 and 10 story buildings. 
 
5.4 Final Thoughts  
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This evolving technology is not one to be looked over without consideration. It is a promising and 
rewarding technique to combine two well known systems into one more beneficial in many ways: 
economically, environmentally, and fiscally. A pay back return period of 10-12 years for the three 
systems is well worth the initially additional costs. On top of the owner saving money after the payback 
period, the system will improve the environment. A geothermal heat pump system is incredibly efficient. 
The traditional burning of fossil fuels to maintain comfortable indoor temperatures year round can be 
replaced with geothermal energy. Geothermal systems cut CO2 emissions more than any other traditional 
heating or cooling system.  
The following chart was provided by the Department of Energy in 1998, as the concept of geothermal 
energy was emerging.  
 
Figure 16: Comparison of Geothermal CO2 Emissions vs. Traditional Method Emissions 
 
 
It is clear to see from the CO2 emissions alone that a geothermal system is very beneficial to the 
environment.  
47 
 
This does not even consider the fact that by installing geothermal loops within micropile systems, money, 
time and resources are saved. This Major Qualifying Project aimed to both promote and develop the study 
of geothermal micropile systems. The technology is here, and ready to be used. It is up to new age 
designers to steer their vision to a more economically friendly and sustainable world and the use of 
geothermal micropile systems is one way to achieve this. 
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Appendix A: Hand Calculations   
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Appendix B: Excel Spreadsheets  
 
Structural Spreadsheets 
B.1 Column Loading Calculations 
Loadings 
          25x25 20x20 15x15 10x10 
Slab+Walls 55 k 41.5 k 27.6 k 18.4 k 
Floors 41.5 k 26.6 k 15 k 6.65 k 
Roof 43.5 k 28 k 12.75 k 7 k 
 
  25x25  20x20 15x15 10x10 
# of 
Stories 
Column 
Load 
Geo. 
Length 
Cem 
to Bar 
Bond 
Length 
Column 
Load 
Geo. 
Length 
Cem 
to Bar 
Bond 
Length 
Column 
Load 
Geo. 
Length 
Cem 
to Bar 
Bond 
Length 
Column 
Load 
Geo. 
Length 
Cem to 
Bar 
Bond 
Length 
4 388.0 56.3 71.0 273.8 45.1 50.1 168.2 34.6 30.8 100.6 28.0 18.4 
5 484.5 65.9 88.7 341.9 51.8 62.6 210.8 38.8 38.6 125.6 30.4 23.0 
6 581.0 75.4 106.3 410.0 58.5 75.0 253.4 43.0 46.4 150.7 32.9 27.6 
7 677.5 84.9 124.0 478.1 65.2 87.5 296.0 47.2 54.2 175.7 35.4 32.2 
8 774.0 94.4 141.7 546.2 71.9 100.0 338.6 51.4 62.0 200.8 37.8 36.7 
9 870.5 104.0 159.3 614.3 78.7 112.4 381.2 55.6 69.8 225.8 40.3 41.3 
10 967.0 113.5 177.0 682.4 85.4 124.9 423.8 59.9 77.6 250.9 42.8 45.9 
11 1063.5 123.0 194.7 750.5 92.1 137.4 466.4 64.1 85.4 275.9 45.3 50.5 
12 1160.0 132.5 212.3 818.6 98.8 149.8 509.0 68.3 93.2 301.0 47.7 55.1 
13 1256.5 142.1 230.0 886.7 105.6 162.3 551.6 72.5 100.9 326.0 50.2 59.7 
14 1353.0 151.6 247.6 954.8 112.3 174.8 594.2 76.7 108.7 351.1 52.7 64.3 
15 1449.5 161.1 265.3 1022.9 119.0 187.2 636.8 80.9 116.5 376.1 55.2 68.8 
16 1546.0 170.6 283.0 1091.0 125.7 199.7 679.4 85.1 124.3 401.2 57.6 73.4 
17 1642.5 180.2 300.6 1159.1 132.4 212.1 722.0 89.3 132.1 426.2 60.1 78.0 
18 1739.0 189.7 318.3 1227.2 139.2 224.6 764.6 93.5 139.9 451.3 62.6 82.6 
19 1835.5 199.2 336.0 1295.3 145.9 237.1 807.2 97.7 147.7 476.3 65.0 87.2 
20 1932.0 208.7 353.6 1363.4 152.6 249.5 849.8 101.9 155.5 501.4 67.5 91.8 
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B.2 Settlement Calculations 
# floors load, k length, ft δ, in 
4 28.0 90 0.78 
7 35.4 110 1.68 
10 42.8 130 2.01 
     
90' Micropile 
          Side Friction Toe Bearing     
δ δ/δu (fs)m/fs (fsAs)m δ/δu (qt')m/q't (qt'At)m P δe Adj δ 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.05 0.13 0.96 291.62 0.05 0.22 11.63 303.24 0.25 0.30 
0.10 0.25 0.97 295.69 0.10 0.32 16.44 312.13 0.26 0.36 
0.20 0.50 0.99 299.81 0.20 0.45 23.26 323.07 0.27 0.47 
0.40 1.00 1.00 304.00 0.40 0.63 32.89 336.89 0.28 0.68 
0.60 1.50 1.00 304.00 0.60 0.77 40.28 344.28 0.28 0.88 
1.00 2.50 1.00 304.00 1.00 1.00 52.00 356.00 0.29 1.29 
1.40 3.50 1.00 304.00 1.40 1.00 52.00 356.00 0.29 1.69 
 
110' Micropile 
          Side Friction Toe Bearing     
δ δ/δu (fs)m/fs (fsAs)m δ/δu (qt')m/q't (qt'At)m P δe Adj δ 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.05 0.13 0.96 529.51 0.05 0.22 11.63 541.14 0.44 0.49 
0.10 0.25 0.97 536.91 0.10 0.32 16.44 553.35 0.45 0.55 
0.20 0.50 0.99 544.40 0.20 0.45 23.26 567.66 0.47 0.67 
0.40 1.00 1.00 552.00 0.40 0.63 32.89 584.89 0.48 0.88 
0.60 1.50 1.00 552.00 0.60 0.77 40.28 592.28 0.49 1.09 
1.00 2.50 1.00 552.00 1.00 1.00 52.00 604.00 0.50 1.50 
1.40 3.50 1.00 552.00 1.40 1.00 52.00 604.00 0.50 1.90 
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130' Micropile 
  Side Friction Toe Bearing 
δ δ/δu (fs)m/fs (fsAs)m δ/δu (qt')m/q't (qt'At)m P 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.05 0.13 0.96 766.45 0.05 0.22 11.63 778.08 
0.10 0.25 0.97 777.15 0.10 0.32 16.44 793.60 
0.20 0.50 0.99 788.00 0.20 0.45 23.26 811.26 
0.40 1.00 1.00 799.00 0.40 0.63 32.89 831.89 
0.60 1.50 1.00 799.00 0.60 0.77 40.28 839.28 
1.00 2.50 1.00 799.00 1.00 1.00 52.00 851.00 
1.40 3.50 1.00 799.00 1.40 1.00 52.00 851.00 
 
 
B. 3 Soil Profile Spreadsheets – Side Friction & Toe Bearing Resistance Calculations 
    Average Unit Weight , γ 
Undrained Shear 
Strength 
Sample Description Start End Thickness pcf lb/sf 
Fill 
SP, GW, GM, 
GP 0.0 15.8 15.8 132.5 - 
Organic Soil     26.6 10.8 132.5 1125 
Silt ML 26.6 27.7 1.1 105 4000 
Clay CL 27.7 81.8 54.1 102.5 2533 
Till SM 81.8 87.9 6.1 125 8000 
Weathered Bedrock   87.9 130.0 42.1 170 10500 
 
α fs As fsAs q'tAt 
  lb/sf sf K k 
0 - - 0   
0.55 618.75 28.22 17.46 5.57 
0.55 2200 2.80 6.17 19.80 
0.55 1393.15 141.63 197.31 12.54 
0.45 3600 16.03 57.70 39.60 
0.45 4725 110.11 520.25 51.98 
 
B.4 Maximum Downward Load Calculations  
 
 
 
 
   
59 
 
Max, P downward 
Length of Pile Sum FsAs q'tAt 
P allowed 
Downward 
ft k k k 
30 32.2 12.54 22.3808514 
40 68.7 12.54 40.6078973 
50 105.1 12.54 58.8349431 
60 141.6 12.54 77.0619889 
70 178.0 12.54 95.2890348 
80 214.5 12.54 113.516081 
90 304.7 51.98 178.331531 
100 428.3 51.98 240.150281 
110 552.0 51.98 301.969031 
120 675.6 51.98 363.787781 
130 799.2 51.98 425.606531 
B.5 Match loads, column spacing and # floors 
Downward Load  Supported Floors (ea) 
k 25x25 15x15 10x10 
22.4 0 0 0 
40.6 0 0 0 
58.8 0 0 0 
77.1 0 0 0 
95.3 0 0 0 
113.5 0 0 5 
178.3 0 4 7 
240.2 0 5 9 
302.0 0 7 12 
363.8 0 8 14 
425.6 4 10 16 
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B. 6 Cost to heat and cool Buildings/Month 
  4 Story 
Month Space Heating Space Heating Space Cooling Heating Cost Cooling Cost 
  Btu x 000,000 kWh x 000 kWh x 000 $ $ 
Jan 97.02 28.43 7.1 $5,117.84 $1,278.00 
Feb 70.98 20.80 6.7 $3,744.22 $1,206.00 
Mar 48.24 14.14 7.9 $2,544.68 $1,422.00 
Apr 10.91 3.20 8.4 $575.51 $1,512.00 
May 1.19 0.35 15.7 $62.77 $2,826.00 
Jun 0.00 0.00 30.3 $0.00 $5,454.00 
Jul 0.00 0.00 36.3 $0.00 $6,534.00 
Aug 0.00 0.00 32.3 $0.00 $5,814.00 
Sep 0.00 0.00 23.7 $0.00 $4,266.00 
Oct 4.54 1.33 11.4 $239.49 $2,052.00 
Nov 33.38 9.78 7.4 $1,760.81 $1,332.00 
Dec 72.75 21.32 8.0 $3,837.59 $1,440.00 
    
Total Cost $53,018.89 
 
7 Story 
Space Heating Space Heating Space Cooling Heating Cost Cooling Cost 
Btu x 000,000 kWh x 000 kWh x 000 $ $ 
149.84 43.91 9.3 $7,904.11 $1,674.00 
107.96 31.64 8.8 $5,694.93 $1,584.00 
68.44 20.06 10.3 $3,610.23 $1,854.00 
13.39 3.92 11.0 $706.33 $1,980.00 
1.28 0.38 20.8 $67.52 $3,744.00 
0.00 0.00 40.3 $0.00 $7,254.00 
0.00 0.00 48.3 $0.00 $8,694.00 
0.00 0.00 42.8 $0.00 $7,704.00 
0.00 0.00 31.3 $0.00 $5,634.00 
5.09 1.49 15.0 $268.50 $2,700.00 
48.72 14.28 9.7 $2,570.00 $1,746.00 
111.49 32.67 10.5 $5,881.14 $1,890.00 
   
Total Cost $73,160.75 
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10 Story 
Space 
Heating 
Space 
Heating 
Space 
Cooling 
Heating 
Cost 
Cooling 
Cost 
Btu x 000,000 kWh x 000 kWh x 000 $ $ 
211.40 61.95 8.7 $11,151.42 $1,566.00 
152.40 44.66 8.3 $8,039.15 $1,494.00 
96.00 28.13 9.7 $5,064.03 $1,746.00 
17.80 5.22 10.3 $938.96 $1,854.00 
1.80 0.53 21.5 $94.95 $3,870.00 
0.00 0.00 45.5 $0.00 $8,190.00 
0.00 0.00 57.1 $0.00 $10,278.00 
0.00 0.00 48.8 $0.00 $8,784.00 
0.00 0.00 33.2 $0.00 $5,976.00 
7.00 2.05 14.4 $369.25 $2,592.00 
69.00 20.22 9.1 $3,639.77 $1,638.00 
152.80 44.78 9.8 $8,060.25 $1,764.00 
   
Total Cost $87,109.79 
      
B.7 Additional Costs Spreadsheets 
Levels 
Length of 
each 
geothermal 
pipe  
Total 
Geothermal 
length 
Length of 
each pile 
(structurally) 
Total 
structural 
length 
CF 
Grout 
# U Tube 
Connection 
ea. Ft Ft ft Ft cf Ea 
4 2 x 46 9200 90 9000 14726 100 
7 2 x 63 12600 110 11000 17999 100 
10 2 x 67 13400 130 13000 21271 100 
 
B.7 Additional Costs  
Price of 
PVC Pipe 
Price of U 
Tube 
Connections 
Price of 
Grout  
Price of 
Pumps 
Installation 
Cost 
Total 
Additional 
Cost 
$ $ $ $ $ $ 
$5,244.00 $379.00 $169,793.27 $378,900.00 $9,920.00 $564,236.27 
$7,182.00 $379.00 $207,525.10 $663,075.00 $12,400.00 $890,561.10 
$7,638.00 $379.00 $245,256.94 $947,250.00 $14,880.00 $1,215,403.94 
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B.8 Inflation Calculations 
Year 
4 story 7 story 10 story 
Per Year 
Current + 
Previous Years Per Year 
Current + 
Previous 
Years Per Year 
Current + 
Previous Years 
2009/1 $53,018.89 $53,018.89 $73,160.75 $73,160.75 $87,109.79 $87,109.79 
2010/2 $55,033.61 $108,052.51 $75,940.86 $149,101.61 $90,419.97 $177,529.76 
2011/3 $57,124.89 $165,177.40 $78,826.61 $227,928.23 $93,855.92 $271,385.68 
2012/4 $59,295.64 $224,473.03 $81,822.02 $309,750.25 $97,422.45 $368,808.13 
2013/5 $61,548.87 $286,021.90 $84,931.26 $394,681.51 $101,124.50 $469,932.64 
2014/6 $63,887.73 $349,909.63 $88,158.65 $482,840.16 $104,967.23 $574,899.87 
2015/7 $66,315.46 $416,225.09 $91,508.68 $574,348.84 $108,955.99 $683,855.86 
2016/8 $68,835.45 $485,060.53 $94,986.01 $669,334.85 $113,096.32 $796,952.18 
2017/9 $71,451.19 $556,511.73 $98,595.48 $767,930.32 $117,393.98 $914,346.15 
2018/10 $74,166.34 $630,678.07 $102,342.10 $870,272.43 $121,854.95 $1,036,201.10 
2019/11 $76,984.66 $707,662.73 $106,231.10 $976,503.53 $126,485.44 $1,162,686.54 
2020/12 $79,910.08 $787,572.81 $110,267.89 $1,086,771.42 $131,291.88 $1,293,978.42 
2021/13 $82,946.66 $870,519.47 $114,458.07 $1,201,229.48 $136,280.97 $1,430,259.39 
2022/14 $86,098.63 $956,618.10 $118,807.47 $1,320,036.95 $141,459.65 $1,571,719.04 
2023/15 $89,370.38 $1,045,988.49 $123,322.16 $1,443,359.11 $146,835.12 $1,718,554.16 
 
B.9 Payback Period, Years (from above Chart) 
Levels 
Payback 
period  
ea. # Years 
4 10 
7 11 
10 12 
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Appendix E: Computer Software Inputs  
 
eQuest Inputs 
PROJECT/SITE/UTILITY 
  GENERAL 
INFORMATION PROJECT NAME 4/7/10 STORY OFFICE BUILDING 
 
BUILDING TYPE OFFICE BLDG, MID-RISE 
 
CODE ANALYSIS NONE 
BUILDING LOCATION 
AND JURISDITCION LOCATION SET ALL EQUEST LOCATIONS 
 
STATE MASSACHUSETTS 
 
CITY BOSTON 
 
JURISDITCION OTHER 
UTILITIES AND RATES ELECTRIC CUSTOM 
 
GAS CUSTOM 
OTHER DATA ANALYSIS YEAR 2009 
USAGE DETAILS 
 
HOURLY ENDUSE PROFILE  
SEASON DEFINITIONS DESCRIPTION OF SEASONS 
TYPICAL USE THROUGHOUT 
YEAR 
 
NUMBER OF SEASONS 1 
 
OBSERVED HOLIDAYS 
NEW YEARS, MLK DAY, 
PRESIDENTS DAY, MEMORIAL 
DAY, JULY 4, LABOR DAY, 
COLUMBUS DAY, VETERANS 
DAY, THANKSGIVING, 
CHRISTMAS DAY (10 TOTAL) 
 
SEASON #1 LABEL ENTIRE YEAR 
ELECTRIC UTILITY 
CHARGES RATE NAME  CUSTOM ELECTRIC RATE 
 
TYPE UNIFORM CHARGES 
 
UNIFORM CHARGES $18.51 /kWh 
FUEL UTILITY CHARGES RATE NAME  CUSTOM GAS RATE 
 
TYPE UNIFORM CHARGES 
 
UNIFORM CHARGES $1.67 / THERM 
PROJECT INFORMATION ADDRESS ALBANY STREET 
 
CITY, STATE, ZIP BOSTON, MA 02118 
 
BUILDING OWNER ASHLEY PERRY 
 
ADDRESS 100 INSTITUTE ROAD 
 
CITY, STATE, ZIP WORCESTER, MA 01609 
 
PHONE 978-512-1570 
   EDIT SELECTED 
BUILDING SHELL 
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GENERAL SHELL 
INFORMATION SHELL NAME BLDG ENVELOPE & LOADS 1 
 
BUILDING TYPE OFFICE BLDG, MID-RISE 
 
BUILDING AREA 112, 500 SF;  180,000 SF ; 247,500 SF 
 
NUMBER OF FLOORS ABOVE 
GRADE 4, 7, 10 
 
NUMBER OF FLOORS BELOW 
GRADE 1, 1, 1 
 
USE FLOOR MULTIPLIERS YES 
 
SHELL MULTIPLIER 1 
 
DAYLIGHTING CONTROLS YES 
 
USAGE DEATAILS  HOURLY ENDUSE PROFILE 
BUILDING FOOTPRINT FOOTPRINT SHAPES RECTANGLE 
 
ZONING PERIMETERS PERIMETER/CORE 
 
PLAN NORTH NORTH 
 
PERIMETER ZONE DEPTH 15 FT 
 
SPECIFY ASPECT RATIO 1 
 
X1 150 FT 
 
Y1 150 FT 
 
FLR-TO-FLR HEIGHT 11 
 
FLR-TO-CEIL HEIGHT 11 
 
PITCHED ROOF NO 
BUILDING ENVELOPE 
CONSTRUCTION - ROOF 
SURFACES CONSTRUCTION METAL FRAME, .24 IN O.C. 
 
EXT FINISH/COLOR ROOF BUILT-UP, MEDIUM 
 
EXTERIOR INSULATION 3 IN. POLYURETHANE (R-18) 
 
ADD'L INSULATION R-19 BATT + RAD BARRIER 
 
INTERIOR INSULATION METAL FRAME, 2X6, 24 IN O.C. 
BUILDING ENVELOPE 
CONSTRUCTION - 
ABOVE GRADE WALLS CONSTRUCTION CONCRETE, MEDIUM 
 
EXT FINISH/COLOR 
3/4 IN. FIBER BD SHEATHING (R-
2) 
 
EXTERIOR INSULATION R-19 BATT 
 
ADD'L INSULATION 1 IN POLYSTYRENE (R-4) 
 
INTERIOR INSULATION 
 BUILDING ENVELOPE 
CONSTRUCTION - 
GROUND FLOOR EXPOSURE EARTH CONTACT 
 
CONSTRUCTION 6 IN CONCRETE 
 
EXT/CAV INSUL HORZ INT BD, R-5, 4 FT WIDE 
 
INTERIOR FINISH CARPET WITH RUBBER PAD 
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BUILDING ENVELOPE 
CONSTRUCTION - 
BELOW GRADE WALLS CONSTRUCTION 6 IN CONCRETE 
 
INSULATION EXT BD, R-5, 4 FT DEEP 
BUILDING ENVELOPE 
CONSTRUCTION – 
CEILINGS INT FINISH PLASTER FINISH 
 
BATT INSULATION R-19 BATT 
BUILDING ENVELOPE 
CONSTRUCTION - 
VERTICAL WALL TYPE FRAME 
 
BATT INSULATION R-7 BATT 
BUILDING ENVELOPE 
CONSTRUCTION - 
FLOORS INT FINISH CARPET WITH RUBBER PAD 
 
CONSTRUCTION 4 IN CONCRETE 
 
CONCRETE CAP 1.25 IN LW CONCRETE 
 
RIGID INSULATION 2 IN POLYSTRENE (R-8) 
EXTERIOR DOORS DOOR TYPE 1 AIR LOCK ENTRY (GLASS) 
 
HT (FT) 7 
 
WD (FT) 12 
 
GLASS CATEGORY SINGL CRL/TINT 
 
GLASS TYPE SINGLE CLEAR 1/4 IN (1001) 
 
FRAME TYPE ALUM W/O BRK 
 
FRAME WIDTH 3 IN. 
 
# NORTH 2 
 
# SOUTH 2 
 
# EAST 1 
 
# WEST 1 
 
DOOR TYPE 2 OPAQUE 
 
HT (FT) 7 
 
WD (FT) 6 
 
CONSTRUCTION STEEL HLOOW CORE W/O BRK 
 
# NORTH 1 
 
# SOUTH 1 
 
# EAST 1 
 
# WEST 1 
EXTERIOR WINDOWS 
WINDOW AREA SPECIFIED 
METHOD 
PERCENT OF NET WALL AREA 
(FLOOR TO CEILING) 
 
WINDOW TYPE 1  DBL CLEAR TINT 
 
GLASS TYPE 
DOUBLE CRL 1/4 IN, 1/2 IN AIR 
(2004) 
 
FRAME TYPE ALUM W/O BRK, FIXED 
 
FRAME WD (IN) 1.3 
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WIDTH (FT) 4 
 
HT (FT) 5.22 
 
SILL HT (FT) 3 
 
% WINDOW NORTH 30 
 
% WINDOW SOUTH 30 
 
% WINDOW EAST 30 
 
% WINDOW WEST 30 
EXTERIOR WINDOW 
SHADES AND BLINDS OVERHANGS NONE 
 
FINS NONE 
 
BLIIND/DRAPE TYPE 
ROLLER SHADES/OPAQUE/LIGHT 
COLOR 
 
% CLOSED WHEN OCCUPIED 
NORTH 20 
 
% CLOSED WHEN OCCUPIED 
SOUTH 20 
 
% CLOSED WHEN OCCUPIED 
EAST 20 
 
% CLOSED WHEN OCCUPIED 
WEST 20 
 
% CLOSED WHEN 
UNOCCUPIED NORTH 80 
 
% CLOSED WHEN 
UNOCCUPIED SOUTH 80 
 
% CLOSED WHEN 
UNOCCUPIED EAST 80 
 
% CLOSED WHEN 
UNOCCUPIED WEST 80 
ROOF SLYLIGHTS ZONES NONE 
GROUND FLOOR 
DAYLIGHTING 
ZONGING DAYLIGHT FROM SIDE LIGHTING 
 
DAYLIGHT AREA METHOD 
21% OF GROUND FLOOR IS DAY 
LIGHTABLE 
 
DESIGN LIGHT LEVEL 50 FC 
 
LIGHTING CONTROL 
METHOD DIMMING: 30% LIGHT (30% PWR) 
TYPICAL MIDDLE 
FLOOR DAYLIGHT 
ZONING DAYLIGHT FROM SIDE LIGHTING 
 
DAYLIGHT AREA METHOD 
20 % OF EACH MIDDLE FLOOR IS 
DAYLIGHTABLE 
 
DESIGN LIGHT LEVEL 50 FC 
 
LIGHTING CONTROL 
METHOD DIMMING: 30% LIGHT (30% PWR) 
TOP FLOOR DAYLIGHT DAYLIGHT FROM SIDE LIGHTING 
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ZONING 
 
DAYLIGHT AREA METHOD 
20 % OF EACH MIDDLE FLOOR IS 
DAYLIGHTABLE 
 
DESIGN LIGHT LEVEL 50 FC 
 
LIGHTING CONTROL 
METHOD DIMMING: 30% LIGHT (30% PWR) 
BUILDING OPERATION 
SCHEDULE ENTIRE YEAR 1/1 - 12/31 
 
USE FLOOR MULTIPLIERS TYPICAL USE 
 
OPEN MON  8 AM - 6 PM 
 
OPEN TUES 8 AM - 6 PM 
 
OPEN WED 8 AM - 6 PM 
 
OPEN THURS 8 AM - 6 PM 
 
OPEN FRI 8 AM - 6 PM 
 
OPEN SAT CLOSED 
 
OPEN SUN CLOSED 
 
HOLIDAY CLOSED 
ACTIVITY AREAS 
ALLOCATION OFFICE OPEN PLAN 
 
 
PERCENT AREA 40 
 
DESIGN MAX OCCUP 
(SF/PERSON) 200 
 
DESIGN VENTILATION 
(CFM/PER) 20 
 
OFFICE EXECUTIVE/PRIVATE 
 
 
PERCENT AREA 30 
 
DESIGN MAX OCCUP 
(SF/PERSON) 200 
 
DESIGN VENTILATION 
(CFM/PER) 20 
 
CORRIDOR 
 
 
PERCENT AREA 10 
 
DESIGN MAX OCCUP 
(SF/PERSON) 1000 
 
DESIGN VENTILATION 
(CFM/PER) 50 
 
LOBBY 
 
 
PERCENT AREA 5 
 
DESIGN MAX OCCUP 
(SF/PERSON) 100 
 
DESIGN VENTILATION 
(CFM/PER) 15 
 
RESTROOMS 
 
 
PERCENT AREA 5 
 
DESIGN MAX OCCUP 
(SF/PERSON) 300 
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DESIGN VENTILATION 
(CFM/PER) 50 
 
CONFERENCE ROOM 
 
 
PERCENT AREA 4 
 
DESIGN MAX OCCUP 
(SF/PERSON) 50 
 
DESIGN VENTILATION 
(CFM/PER) 20 
 
MECANICAL/ELECTRIC 
ROOM 
 
 
PERCENT AREA 4 
 
DESIGN MAX OCCUP 
(SF/PERSON) 2000 
 
DESIGN VENTILATION 
(CFM/PER) 100 
 
COPY ROOM 
 
 
PERCENT AREA 2 
 
DESIGN MAX OCCUP 
(SF/PERSON) 200 
 
DESIGN VENTILATION 
(CFM/PER) 100 
 
OCCUPANCY PROFILES BY 
SEASON EL1 OCCUP PROFILE (S1) 
NON-HVAC ENDUSES TO 
MODEL INTERIOR ENDUSES 
INTERIOR AMBIENT LIGHTING, 
OFFICE EQUIP, MISC EQUIP 
 
EXTERIOR ENDUSES 
EXTERIOR LIGHTING, DOMESTIC 
HOT WATER 
INTERIOR LIGHTING 
LOADS AND PROFILES 
OFFICE OPEN PLAN 
LIGHTING (W/SqFt) 1.24 
 
OFFICE PRIVATE PLAN 
LIGHTING (W/SqFt) 1.49 
 
CORRIDOR LIGHTING 
(W/SqFt) 0.57 
 
LOBBY LIGHTING (W/SqFt) 1.52 
 
RESTROOMS LIGHTING 
(W/SqFt) 0.77 
 
CONFERENCE ROOM 
LIGHTING (W/SqFt) 0.92 
 
MECHANICAL/ELECTRIC 
ROOM LIGHTING (W/SqFt) 0.81 
 
COPY ROOM LIGHTING 
(W/SqFt) 1.64 
 
MULTIPLIER  1 
 
AMBIENT EL1 INSLTG PROFILE (S1) 
OFFICE EQUIP LOADS 
AND PROFILES OFFICE OPEN PLAN (W/SqFt) 0.9 
107 
 
 
OFFICE PRIVATE PLAN 
(W/SqFt) 0.9 
 
CORRIDOR  (W/SqFt) 0 
 
LOBBY  (W/SqFt) 0.9 
 
RESTROOMS  (W/SqFt) 1 
 
CONFERENCE ROOM  (W/SqFt) 0.9 
 
MECHANICAL/ELECTRIC 
ROOM  (W/SqFt) 1 
 
COPY ROOM  (W/SqFt) 0.3 
 
HOURLY PROFILE EL1 OFFEQ PROFILE (S1) 
EXTERIOR LIGHTING 
LOADS AND PROFILES LOAD (W/SF) 0.075 
 
MONTHLY SINGLE-DAY 
PROFILES EL1 EXTLTG DAY SHAPE 
DOMESTIC WATER 
HEATING HOURLY 
PROFILES 
DHW HOURLY PROFILE BY 
SEASON EL1 DHW PROFILE(S1) 
   
EDIT SELECTED AIR-
SIDE SYSTEM 
  HVAC SYSTEM 
DEFINITIONS NAME HVAC SYSTEM 1 
 
COOLING SOURCE CHILLED WATER COILS 
 
HEATING SOURCE HOT WATER COILS 
 
HOT WATER SOURCE HOT WATER LOOP 
 
TYPE 
STANDARD VAV WITH HW 
REHEAT 
 
SYSTEM PER AREA SYSTEM PER FLOOR 
 
RETURN AIR PATH DUCTED 
 
SYSTEM ASSIGNED TO 
THERMAL ZONES 
BUILDING ENVELOPE & LOADS 1 
; ALL ZONES 
HVAC ZONES: 
TEMPERATURE AND AIR 
FLOWS 
SEASONAL THERMOSTAT 
SETPOINTS 
 
 
OCCUPIED COOL F 76 
 
OCCUPIED HEAT F 70 
 
UNOCCUPIED COOL F 82 
 
UNOCCIPIED HEAT F 64 
 
DESIGN TEMPERATURES 
 
 
COOLING DESIGN INDOOR 75 
 
COOLING DESIGN SUPPLY 55 
 
HEATING DESIGN INDOOR 72 
 
HEATING DESIGN SUPPLY 95 
 
AIR FLOWS 
 
 
MINIMUM DESIGN FLOW 
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CFM/SF 
 
VAV MINIMUM FLOW CORE  40% 
 
VAV MINIMUM FLOW 
PERIMETER 30% 
HVAC SYSTEM FANS SUPPLY FANS 
 
 
POWER & MTR EFF  3.50 IN WG; HIGH 
 
FAN TYPE VARIABLE SPEED 
 
RETURN FANS POWER & MTR 
EFF 1.17 IN WG ; HIGH 
 
FAN FLOW  AUTO SIZE 
 
FAN TYPE VARIABLE SPEED 
HVAC SYSTEM FAN 
SCHEDULES OPERATION 
1 HR BEFORE & 1 HR AFTER 
OPEN AND CLOSING TIME, 7 AM - 
7 PM MON-FRI 
 
CYCLE FANS AT NIGHT NO 
HVAC ZONE HEATING, 
VENT AND 
ECONOMIZERS BASEBOARDS NONE 
 
HEAT/REHEAT HOT WATER 
TEMP 30 F 
 
ECOMONIZERS TYPE DRYBULB TEMPERATURE 
 
HIGH LIMIT 65 F 
HVAS SYSTEM 
HOT/COLD DECK 
RESETS COLD DECK RESET TYPE OUTSIDE AIR RESET 
 
OUTIDE TEMP HI/LOW F 80/60 
 
SUPPLY MIN/MAX F 55/65 
 
 
 
 
 
GLHEPRO Inputs – 4 Story  
Borehole Parameters Active borehole depth 90 ft 
 
Borehole Diameter 10 in 
Calculate Borehole Thermal 
Resistance U-Tube /Double U-Tube, Concentric U-Tube 
 
Borehole Diameter 10 in 
Set Shank Spacing A0, AS, B, C C 
Select U-Tube SDR-11 or Schedule 40 Schedule 40 
 
3/4", 1", 1 1/4", 1 1/2" 1" 
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Skank Spacing 7.370" 
 
U-Tube Inside Diameter 1.049 " 
 
U-Tube Outside Diameter 1.315" 
Volumetric Heat Capacities Soil 32.21 Btu/(F*ft^3) 
 
Grout 58.17 Btu/(F*ft^3) 
 
Pipe 22.99 Btu/(F*ft^3) 
Conductivities Soil 1.00 Btu/(hr*ft*F) 
 
Grout 
0.85 Btu/(hr*ft*F) for 
thermall enhanced grout 
 
Pipe 0.225 Btu/(hr*ft*F) 
Option for specifying the Fluid 
Convection Coefficient Option 1/Option 2 
Option 2 : Water/Antifreeze 
Mixture 
 
Select Fluid Methanol/Water 
 
Concentration %Wt  30% 
 
Mean Temperature 68 F 
 
Calculate Properties -> Freezing Point -13.80 F 
  
Density 62.31 lb/ft^3 
  
Volumetric Heat Capacity 
62.228 Btu/(F.ft^3) 
  
Conductivity 0.2544 
Btu/(h*ft*F) 
  
Viscosity 4.839 lbm/ft*h) 
 
Calculate Borehole Resistance -> 0.2120 F/(Btu/(hr*ft) 
 
Hit OK -> 
 Select Borehole  Select Configuration Rectangular Configuration 
 
Select Sub-configuration 100: 10x10 Recatangle 
Ground Parameters Thermal Conductivity of the Ground 
1.00 Btu/(hr*ft*F) for 
Weathered Bedrock 
(conservative) 
 
Volumetric Heat Capacity of the ground 34.943 Btu/(F*ft^3) 
 
Undisturbed Ground Temperature 50 F 
Heat Pump Select Heat Pump Econar, Q16kW5T000 
Loads Edit Heat Pump Loads Enter Loads 
Perform Sizing for 4 Story Max Fluid Temp entering Heat Pump 100 F 
 
Min Fluid Temp entering Heat Pump 20 F 
 
First Month Simulation 1 
 
Last Month Simulation 120 
 
Borehole Configuration 
Rectangular  Configuration: 
100: 10x10  
 
Each Borehole Depth 44.79 ft 
 
Total Borehole Depth 4478.8 ft 
 
Distance Between borehole centers 15 ft 
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GLHEPRO Inputs – 7 Story 
Borehole Parameters Active borehole depth 110 ft 
 
Borehole Diameter 10 in 
Calculate Borehole 
Thermal Resistance U-Tube /Double U-Tube, Concentric U-Tube 
 
Borehole Diameter 10 in 
Set Shank Spacing A0, AS, B, C C 
Select U-Tube SDR-11 or Schedule 40 Schedule 40 
 
3/4", 1", 1 1/4", 1 1/2" 1" 
 
Skank Spacing 7.370" 
 
U-Tube Inside Diameter 1.049 " 
 
U-Tube Outside Diameter 1.315" 
Volumetric Heat 
Capacities Soil 34.98 Btu/(F*ft^3) 
 
Grout 58.17 Btu/(F*ft^3) 
 
Pipe 22.99 Btu/(F*ft^3) 
Conductivities Soil 1.10 Btu/(hr*ft*F) 
 
Grout 
0.85 Btu/(hr*ft*F) for thermall enhanced 
grout 
 
Pipe 0.225 Btu/(hr*ft*F) 
Option for specifying the 
Fluid Convection 
Coefficient Option 1/Option 2 Option 2 : Water/Antifreeze Mixture 
 
Select Fluid Methanol/Water 
 
Concentration %Wt  30% 
 
Mean Temperature 68 F 
 
Calculate Properties -> Freezing Point -13.80 F 
  
Density 59.85 lb/ft^3 
  
Volumetric Heat Capacity 57.228 
Btu/(F.ft^3) 
  
Conductivity 0.2544 Btu/(h*ft*F) 
  
Viscosity 4.839 lbm/ft*h) 
 
Calculate Borehole Resistance -> 0.2082 F/(Btu/(hr*ft) 
 
Hit OK -> 
 Select Borehole  Select Configuration Rectangular Configuration 
 
Select Sub-configuration 100: 10x10 Recatangle 
Ground Parameters Thermal Conductivity of the Ground 
1.1 Btu/(hr*ft*F) for Weathered Bedrock 
(conservative) 
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Volumetric Heat Capacity of the ground 34.943 Btu/(F*ft^3) 
 
Undisturbed Ground Temperature 50 F 
Heat Pump Select Heat Pump Econar, Q16kW5T000 
Loads Edit Heat Pump Loads Enter Loads 
Perform Sizing for 7 
Story Max Fluid Temp entering Heat Pump 100 F 
 
Min Fluid Temp entering Heat Pump 20 F 
 
First Month Simulation 1 
 
Last Month Simulation 120 
 
Borehole Configuration Rectangular  Configuration: 100: 10x10  
 
Each Borehole Depth 62.77 ft 
 
Total Borehole Depth 6276.7 ft 
 
Distance Between borehole centers 15 ft 
 
 
 
 
GLHEPRO- 10 Story 
Borehole Parameters Active borehole depth 130 ft 
 
Borehole Diameter 10 in 
Calculate Borehole Thermal 
Resistance 
U-Tube /Double U-Tube, 
Concentric U-Tube 
 
Borehole Diameter 10 in 
Set Shank Spacing A0, AS, B, C C 
Select U-Tube SDR-11 or Schedule 40 Schedule 40 
 
3/4", 1", 1 1/4", 1 1/2" 1" 
 
Skank Spacing 7.370" 
 
U-Tube Inside Diameter 1.049 " 
 
U-Tube Outside Diameter 1.315" 
Volumetric Heat Capacities Soil 32.21 Btu/(F*ft^3) 
 
Grout 58.17 Btu/(F*ft^3) 
 
Pipe 22.99 Btu/(F*ft^3) 
Conductivities Soil 1.2 Btu/(hr*ft*F) 
 
Grout 
0.85 Btu/(hr*ft*F) for thermall 
enhanced grout 
 
Pipe 0.225 Btu/(hr*ft*F) 
Option for specifying the 
Fluid Convection Coefficient Option 1/Option 2 Option 2 : Water/Antifreeze Mixture 
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Select Fluid Methanol/Water 
 
Concentration %Wt  30% 
 
Mean Temperature 68 F 
 
Calculate Properties -> Freezing Point -13.80 F 
  
Density 59.85 lb/ft^3 
  
Volumetric Heat Capacity 57.288 
Btu/(F.ft^3) 
  
Conductivity 0.2544 Btu/(h*ft*F) 
  
Viscosity 4.839 lbm/ft*h) 
 
Calculate Borehole Resistance -> 0.2048 F/(Btu/(hr*ft) 
 
Hit OK -> 
 Select Borehole  Select Configuration Rectangular Configuration 
 
Select Sub-configuration 100: 10x10 Recatangle 
Ground Parameters 
Thermal Conductivity of the 
Ground 
1.2 Btu/(hr*ft*F) for Weathered 
Bedrock (conservative) 
 
Volumetric Heat Capacity of the 
ground 34.943 Btu/(F*ft^3) 
 
Undisturbed Ground 
Temperature 50 F 
Heat Pump Select Heat Pump Econar, Q16kW5T000 
Loads Edit Heat Pump Loads Enter Loads 
Perform Sizing for 4 Story 
Max Fluid Temp entering Heat 
Pump 100 F 
 
Min Fluid Temp entering Heat 
Pump 20 F 
 
First Month Simulation 1 
 
Last Month Simulation 120 
 
Borehole Configuration 
Rectangular  Configuration: 100: 
10x10  
 
Each Borehole Depth 67.65 ft 
 
Total Borehole Depth 6765 ft 
 
Distance Between borehole 15 ft 
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Abstract 
 
This proposal outlines initial background as well as the design process intended to complete a geothermal 
micropile design. The system will be designed to structurally support office buildings in Boston, MA as 
well as provide a system to heat and cool the buildings. A cost benefit analysis will then be performed 
comparing additional installation costs with commercial electricity usage costs.  
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Capstone Design 
 
To meet ABET capstone design criteria, the influences of economic, environmental, sustainability, 
constructability, ethical, and health and safety concerns will have to be considered. Incorporating all of 
these aspects will produce a solid design, which takes into account all aspects of civil engineering.  
Throughout the entirety of this project, all listed influences will be considered and applied to produce the 
best design possible by current standards.  
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1. Introduction 
 
Micropiles are a typical and widely used method for a type of deep foundation support. The typical gain 
out of installing such a pile is to provide adequate support for a proposed structure. There are more that 
the construction world could gain by using a micropile to its full potential, especially when installed to 
great depths. In this research and design project I want to look at redesigning micropiles to incorporate a 
geothermal loop system to transfer ground source energy to a heat source. This technique is currently 
used in the United Kingdom and is a technology that with careful research and testing could successfully 
be widely used here in the United States.  
Micropiles are a type of deep foundation support. They are columns drilled or driven into the earth used 
to support the loads from a given structure above the system. Micropiles have proven to be a successful 
foundation support system, but more recently, with a growing global interest in environmental and 
economic sustainability it is necessary for micropiles to become a more diverse mechanism.  Due to the 
fact that micropiles are exposed to higher temperatures in the earth, they become a valuable tool for 
geothermal heat transfer.  
The purpose of this Major Qualifying Project is to design a geothermal system to support a series of 
office buildings in Boston, Massachusetts and evaluate the system’s pay back return period.  
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2. Background  
2.1 Micropiles 
 
Micropiles are a high capacity, small diameter, drilled-in-place, steel reinforced foundation support. The 
quality of soil usually improves with depth, therefore excavating through weak surface soils can provide 
greater bearing capacity on deeper soils or rock. A drill rig is used to excavate a cylindrical hole to a 
calculated required depth. This depth is calculated based on the subsurface conditions, materials used, 
supported load and settlement considerations. To support higher loads and avoid settlement a steel cage or 
center reinforcing steel bar can be implemented. The drilled shaft is then filled with concrete or grout. 
The grout bonds the soil to the pile as well as to the center reinforcing steel.  
 
2.2 Geothermal Design Parameters 
 
A Ground Source Heat Pump (GSHP) is a technology used to heat and cool buildings by extraction of the 
subsurface thermal energy as well as rejection of heat to a cooler subsurface. This technique makes use of 
geothermal energy, heat stored below the earth’s surface. Ground Source Heat Pumps first started to 
steadily emerge in Sweden and Switzerland in the 1980’s. A GSHP system needs to address three main 
components: how to transfer heat to and out of the ground, a heat pump to convert the heat to an 
appropriate temperature, and the building to transfer the heat or cold into the rooms (EGEC, 2008). 
The geothermal design parameters are important to determine how to most effectively transfer heat 
energy from the ground to the heat pump and into the building as well as reject heat to the ground instead 
of using traditional air conditioning. Each individual parameter must be considered on the basis of 
performance, availability and cost. First, the different types of ground source heat pump system have to 
be considered. After this, the components within the system were evaluated; the transfer medium solution, 
thermally enhanced grout, pile spacing, and the heat pump itself. 
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3.  Methodology  
 
3.1 Structural Components  
 
To begin with the structural design, Coduto texts, Geotechnical Engineering and Foundation Engineering 
were consulted. The following parameters will be considered for the structural design.  
 Design Soil Profile 
 Define Soil Parameters 
 Calculate Loads 
 Define Column Spacing 
 Geotechnical Analysis 
 Grout to Ground Bond Values 
 Grout to Bar Bond  
 Side Friction & Toe Bearing to Calculate Maximum Downward Load 
 Settlement Calculations 
 Pick Office Building Size with reasonable loading to evaluate.  
 
3.2 Geothermal Components 
 
For the geothermal design it became obvious that specialized computer software programs were going to 
be necessary. The programs were needed to evaluate heat flow within a building shell to determine 
heating and cooling loads. Also, programs could be used to simulate the thermal subgrade heat transfer to 
find an accurate length of the heat transfer pipes. This is the list of programs initially researched:  
 GLHEPRO 
 Trane Systems 
 Carrier HAP 
 ComfortAir 
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 DOE2 
 eQuest 
 HVAC online simulation 
 
Many of these programs were expensive. It became a primary objective to find which programs would be 
most valuable to this project and contact the software designer to see if a student copy could be made 
available at free or discounted price.  
 
Other geothermal factors would have to be analyzed, these include: 
 Heat pumps 
 Fluid Antifreeze Mixtures 
 Thermal conductivity of different soils 
 PVC piping prices 
 Price for installing the system 
 Thermally enhanced grout 
 
 
The last component of my project would be to assess the payback return period for installing such a 
system. This is an important component because the reason why this is not a widely used technique is the 
lack of information on the positive environmental outcome as well as its cost saving effects. In calculating 
how many years in energy costs it would take to repay the additional installation costs should prove to be 
a concrete reason for the development and implementation of geothermal micropile systems.  
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4. Personal Objective 
 
I hope to fulfill my personal interest in how technology and construction can be looked at with a different 
perspective. With the world wide move towards being more earth friendly but still advancing technically, 
I think topics like this will be very important and implemented in the near future. A lot of construction 
projects are coming to a halt due to the turning economy, and perhaps if the contractor had more to offer, 
and more could be gained from the design, more projects could push through and be awarded.   
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